Abstract-Curcumin is extracted from turmeric exhibiting several biomedical activities. Unfortunately, less aqueous solubility was still a drawback to apply it in medicine. This study introduced a method to produce a thermosensitive nanocomposite hydrogel (nCur-PG) containing curcumin nanoparticles (nCur) which can overcome the poor dissolution of curcumin. Regarding to the method, a thermo-reversible pluronic F127-grafted gelatin (PG) play a role as surfactant to disperse and protect nanocurcumin from aggregation. The synthetic PG was identified by 1 H-NMR. The obtained results via Transmission Electron Microscopy (TEM) and Dynamic Light Scattering (DLS) indicated that the size of nCur was various in the range from 1.5 ± 0.5 to 128 ± 9.7 nm belong to amount of the fed curcurmin. The nCur-dispersed PG solution formed nCur-PG when the solution was warmed up to 34-35 o C. Release profile indicated sustainable release of curcumin from hydrogel. Thermosensitive nanocomposite hydrogel based pluronic-grafted gelatin and nanocurcumin performed potential application of the biomaterial in tissue regeneration.
Thermosensitive nanocomposite hydrogel based pluronic-grafted gelatin and nanocurcumin for enhancing burn healing Huynh Thi Ngoc Trinh, Nguyen Tien Thinh, Ha Le Bao Tran, Vu Nguyen Doan, Tran Ngoc Quyen Abstract-Curcumin is extracted from turmeric exhibiting several biomedical activities. Unfortunately, less aqueous solubility was still a drawback to apply it in medicine. This study introduced a method to produce a thermosensitive nanocomposite hydrogel (nCur-PG) containing curcumin nanoparticles (nCur) which can overcome the poor dissolution of curcumin. Regarding to the method, a thermo-reversible pluronic F127-grafted gelatin (PG) play a role as surfactant to disperse and protect nanocurcumin from aggregation. The synthetic PG was identified by 1 Index Terms-Nanocurcumin, milling method, Gelatin, pluronic F127, nanocomposite hydrogel, medicine 1 INTRODUCTION ecent years, exploitation of naturally bioactive compounds has paid much attention in medicine due to their broad-spectrum bioactivity such as anti-inflammation, antioxidation, anticancer, wound healing and etc [1] . Among of them, curcumin (1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) isolated from rhizome of Curcuma longa plant exhibiting desirable pharmaceutical properties including anti-inflammatory [2] [3] , antioxidant [4] [5] , anti-tumor [6] , anti-HIV [7] , antimicrobial activity [8] [9] , and wound healing agent [10] . Despite its attractive pharmaceutical characteristics, low aqueous solubility, poor bioavailability, rapid metabolism due to the firstpass metabolism [11] [12] [13] hampered curcumin in the journey of wider medical application. Nanotechnology has been approaching as an effective solution to improve the bioavailability of the lipophilic compounds. Nano-formulated platforms like liposome, micelle, polymeric nanoparticle and solid lipids have elevated the therapeutic effects of the hydrophobic drugs [14] . It is reported that the nano-scaled curcumin enhanced the dissolution rate [15] . Moreover, the loaded curcumin could protect it from enzymatic degradation, enhance water-solubility and duration blood circulation [16] . Among the mentioned platform, amphiphilic block copolymers-based micelles are able to selfassemble for core-shell architecture loading nanocurcumin. The hydrophobic core is the main part for encapsulation curcumin in order to improve the aqueous solubility. Sahu et al [17] was reported that Pluronic micelle could effectively delivery curcumin for inhibiting Hela cancer cell growth. Pluronic F127 (Poloxamer 407) is the thermo-inducible tri-block copolymer of hydrophilic (poly(ethelene oxide) and lipophilic P (poly(propylene oxide), with general formula E107P70E107. The thermo-reversible behavior of copolymer platform performed sol at 4 o C and gel at physiological temperature which can be the micelle-vesicle for curcumin-encapsupation. However, the pluronic-based materials were general bio-inert so some derivatives were developed to improve its biological interaction [18] [19] .
The conjugation with gelatin could enhance its biocompatibility of thermo-responsible hydrogel solution. Moreover, it could be expected to increase the interaction between nanocurcumin (partial negative charge) and the PG copolymer backbone (partial positive charge) resulting in enhancing the drug loading efficiency and its dispersion.
In this present study, we aim to prepare the thermo-responsive PG copolymer and ultilize it as the dispersant platform for fabricating nanocurcumin in the thermosensitive PG copolymer solution under the assisted sonication. The thermo-sensitive nanocomposite hydrogel was applied to enhance the second degree burn healing.
MATERIALS AND METHODS

Materials
Porcine gelatin (bloom 300), pluronic F127 and curcumin (Cur) were purchased from Sigma Aldrich (St. Louis, USA). Mono pnitrophenylchloroformate-activated pluronic (NPC-P-OH) was prepared in our previous study (Nguyen el al. 2016; Nguyen et al. 2017 ). Diethyl ether was obtained from Scharlau's Chemicals (Spain), THF tetrahydrofuran (THF) was purchased from Merck (Germany), and dialysis membranes (MWCO 14 kDa and MWCO 3.5 kDa cut-off) were supplied from Spectrum Labs (USA),). PBS buffer is analytical grade.
Synthesis of PG copolymer
In a round flask, gelatin (1 gram) was dissolved in DI water. An aqueous NPC-P-OH (15 g) solution was added drop-wise to the flask at 20 o C under stirring overnight. After the time, the mixture was dialyzed against distilled water for 3 days using cellulose membrane (MWCO 14 kDa) and lyophilized to have a powder as a thermo-sensitive copolymer platform for further study. The copolymer was characterized with 1 H NMR on Bruker AC spectrometer (USA).
PG copolymer was synthesized via a threestep process as show in fig. 1 .
Fig. 1. Synthetic scheme of PG copolymer
Sol-gel transition behavior 0.5 mL aqueous copolymer solutions were prepared from varying PG (ratio of G:P = 1:10, 1:15 and 1:20 wt/wt) at 20 o C. The designated range temperature was set up at (4, 25, 30, 37, 40 and 50 o C) to determine the sol-gel transition behavior of nanocomposite hydrogel using the test tube inversion method which could observe the "flow as the liquid solution" or "no flow as the gel formation". A sol-gel phase diagram was built regarding to the recorded data. was evaporated by the rotary evaporator to obtain a homogeneous nCur-loaded PG paste form and cold DI water was added to obtain thermosensitive nCur-dispersed PG copolymer solution (as shown in Fig. 2 ) that could be transfered into nCur-PG at warming condition. Morphology of nCur was observed by TEM (JEM-1400 JEOL) at 25 o C. Spectral analysis was observed by UV-Vis spectroscopy (Agilent 8453 UV-Vis Spectrophotometer) at 420 nm wavelength. Particle size distribution was determined using dynamic light scattering (DLS). 
Fabrication of nCur-dispersed PG copolymer and its NCur-PG form
Release study
In the study, a diffusion method with dialysis membrane was used to investigate the in vitro release of Cur from the nCur-loaded composite hydrogel that was prepared from 1 mL of copolymer (20% w/v) containing 2.5 mg nCur. The dialysis bag (MWCO 3.5 kDa) containing 2 mL sample was immersed in 10 mL phosphatebuffered saline (PBS) which had been put over a period of 24 hours maintained at 37 °C ± 0.5 °C in a water bath. The Cur content was quantified by the Foresaid Agilent 8453 UV-Vis Spectrophotometer. The release experiments were performed in triplicate with 95% Confidence Interval. The cumulative release of drug was performed from equation [20] .
Q= CnVt + Vs ∑Cn-1 (2)
Where Cn represented the concentration of drug in sample, Cn-1 was release concentration at t, Vt was the incubated medium and Vs was volume of replaced medium.
Wound healing testing on animal model
Animals: Healthy adult male Mus musculus var. Albino mice (33-42 g, n = 6) were procured from the Pasteur Hospital, Ho Chi Minh City, Vietnam. Mice were maintained in standard laboratory conditions with add libitum accessto feed and water, light-dark cycle and adequate ventilation.
Wound creation: The experiment was conducted at Laboratory of Department of Physiology and Animal Biotechnology under the permission of the Animal Care and Use Committee of the University of Science, Vietnam National University Ho Chi Minh City (Registration No. 10/16-010-00), Vietnam. The mice were anesthetized by intraperitoneal ketamine (100 mg/mL) and xylazine (20 mg/mL) injection with dosage of 0.2 mL/100 g body weight. The dorsal skin of the animals was shaved and cleaned with 70% ethanol and 1% polyvinylpyrrolidone iodine. The secondary burn degree was created by a cylindrical stainless steel rod of 1 cm diameter previously heated in boiling water at 100 °C. The rod is maintained in contact with the animal skin on the dorsal proximal region for 5 sec. Thereafter, medication was initiated for these four groups (nontreatment, dressing PG, nCur-PG copolymer (20 w/v%) containing 2.5 mg nCur and commercial product/Biafine). Dressings were performed on each 2 days and finished on days 14. Each mouse contained two wounds ( fig. 3 ), each medication was randomly assigned. A photograph of each wound was taken on days 0, 2, 6, 8, 12 and 14. Statistical analysis: Data were represented as means ± standard error (n = 3). ANOVA two ways (SPPS software) was used for the analysis of cytotoxicity on fibroblast cells and wound contraction. A p-value <0.05 was accepted as a statistically significant difference. 1 H NMR spectrum of the activated NPC-P-NPC appeared a prominent resonance peak at δ= 4.42 and two peaks at 7.38-8.22 ppm that corresponded to the signal of protons on the terminal methylene (-CH2-CH2-) in the activated plruronic and aromatic NPC protons, respectively. Activated degree of NPC-P-NPC was over 95% ( 1 H NMR). In spectrum of NPC-P-OH, one new peak at δ= 4.22 assigned to terminal methylene protons (-CH2-CH2-) in the NPC-substituted moiety of the activated pluronic. These evidences confirmed that NPC-P-NPC and NPC-P-OH were successfully prepared (spectra not shown here) [22] .
RESULTS AND DISCUSSION
Characterization of copolymers
Pluronic-grafted gelatin (PG) was created via urethane linkage between amine groups on gelatin backbone and NPC-remaining moiety of NPC-P-OH. In the PG spectrum, the resonance peak at 7.23-7.29 ppm indicated aromatic protons of phenylalanine and other typical protons of aminoacids in gelatin as noted in fig. 4 . Some protons of the pluronic (-CH3 of PPO at 1.08 ppm and -CH2 of PEO at 3.6 ppm) also appeared in the spectrum. Moreover, a disappearance of aromatic proton (NPC) at 7.38-8.22 ppm confirmed the substitution of NPC by the primary amine of gelatin to form PG copolymer. was seen in the Fig. 5A , corresponding to the property of gelatin that formed gel at low temperature and dissolved at room temperature. As increasing content of pluronic in the grafted copolymer (PG 1:10, PG 1:15 and PG 1:20), the gelation behavior was partially followed to the thermal property of pluronic. For PG 1:10 sample, the gelation occurred when its concentration was higher 12.5 % (wt/v) at 30 o C, but its physical property was weak. At a same temperature, PG 1:15 and PG 1:20 occurred gelation at lower concentration of PG copolymer (around 10% (w/v)) and the formed gels were high stable at 15% (w/v) of PG which could be used for further studies. The gel "phase" occurred due to hydrophobic effect [23, 24] , attributed self-assembly and coil to helix converting for conformation altering caused the "solid-like gel" at critical micelle concentration under critical solution temperature. The sol-gel transition of the copolymer solution could be observed with DSC measurement as shown in Fig. 5B , in which maximally exothermic peak at 36.27 o C (ranging from 28 to 40 o C) performed a solidification of the PG solution. The phase diagram also showsed that temperature ranges of the PG copolymer solution was a homogeneous phase. This behavior was near similar to a report from Barba A. A. et al [25] who investigated the sol-gel transition behavior of pluronic [25] . 
Characterization of the nanocurcuminloaded thermogel
Several reports indicated that nano-scaled curcumin could enhance the cellular absorption and biodistribution of the hydrophobic molecule [26] . So some methods have been introduced to formulate nanocurcumin such as ultrasonication, milling, using surfactant and etc. Our study used an ultrasonic and PG dispersant combination method to produce nanocurcumin suspension. It was more interesting that the nanosuspension solution could form the nanocomposite hydrogel when the suspension was warmed up (fig. 6 ). The nanocurcumin could form in the PG copolymer solution and the PG copolymer contributed to the stability the nanocurcuminin hydrophobic domain of PG [27] . Moreover, Zeta potential measurement showed the positively charged PG copolymer and the negatively charged nanocurcumin (data not shown here) which could offer a significant role of gelatin in enhancing stability of nanocurcumin due its electrostatic interaction. The effect of curcumin formulations on the size distribution of nanocurcumin were evaluated by TEM ( fig. 7 ) and DLS ( fig. 8 ) at 4 o C that indicated the size of the round-shaped nanocurcumin significantly varied ranging from 7 to 258 nm belonging to the amount of loaded curcurmin formulated with PG copolymer. DLS revealed that the hydrodynamic diameter of nanoparticles was a function of concentration. A higher concentration of the fed curcumin, afforded TẠP CHÍ PHÁT TRIỂN KHOA HỌC & CÔNG NGHỆ: CHUYÊN SAN KHOA HỌC TỰ NHIÊN, TẬP 2, SỐ 4, 2018 151 larger size diameter. The formed nanoparticles was 7 ± 0.5 nm (5% wt/wt), 16 ± 3.2 nm (10% wt/wt), 26 ± 10.3 nm (15% wt/wt), 128 ± 8.8 nm (20% wt/wt) and 258 ± 9.7 nm (30% wt/wt). In particularly, the incorporation of nanocurcumin did not affect the thermal-reversible behavior of PG responsible-hydrogel. 
In vitro release study
In order to investigate the controllable delivery manner of the thermosensitive nanocurcuminloaded PG platform, the in vitro release study was performed using a diffusion method with dialysis membrane. Fig. 9 depicts the release profile of nanocurcumin for 24 hours. In detail, for the first 2 hours only 5% drug released, whereas, curcumin delivery was for the later 3 hours reached up 50%, subsequently exhibited a constant rate of release was 74.66 ± 3.9%. The graph elucidates the mediated nanocurcumin release fashion over time, provided the potential matrix for drug delivery to the site administration. Fig. 10 indicated that the PG-treated wound exhibited a faster wound healing rate than that of control, but healing was slower than the rates observed in nCur-PG and commercial dressings. The nCur-PG model described that the wound recovery was faster than other groups. Macroscopically, the wounds were almost closed at 10 days, and appeared as scar tissues 14 days after treatment. There was no obviously difference in the speed of wound closure among the models during the 14 day follow-up period, except the non-treatment wounds with. After 14 days, only the group nCur-PG showed the new hair on wound surface and the similar skin color of other skin area on mice, while in non-treatment model, all wounds have epithelialized and a raised hypertrophic scar was visible. No hair on the wound surface or hypertrophic scar in the PG gel and commercial product-treated models. This obtained results suggested that the presentation of nanocurcumin accelerated the wound healing process. It was marked by wound area reduction and wound recovery. provided the desirable vehicle to control the delivery of curcumin at a suitable concentration for enhancing wound healing (low concentration of encapsulated curcumin) or inbibiting the growth of cancer cell (high concentration of encapsulated curcumin). These obtained results could be pave a way to apply the thermosensitive nanocurcumin-loaded platform in biomedical field.
